Comparison of some recent Excitation Chain Arguments with the Random First 
Order Transition Theory of Supercooled Liquids and Experiment 
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We compare a recent excitation chain argument for the glass transition with the earUer random 
first order transition theory. The key equation determining the activation barriers and size of 
cooperatively rearranging regions has the same scaling form in both approaches. The random first 
order transition theory unambiguously predicts the coefficients in the equation giving results that 
agree with experiment vis a vis the correlation of activation barriers with thermodynamics and 
that also agree with experimental determination of correlation lengths following the prescription 
of Berthier et al. The excitation chain approach, while containing more adjustable parameters 
accommodates those experimental findings only by using unphysical values for those adjustable 
parameters. 



The nature of the cooperatively rearranging regions 
(CRRs) in supercooled molecular liquids and glasses has 
been difficult to establish owing to their extraordinarily 
slow dynamics and their mesoscopic size - larger than 
a few molecules but far from the scale easily probed by 
traditional scattering methods. Langer has recently ar- 
gued that the rearranging regions are excitation chains 
whose activation free energy can be estimated much like 
the droplet theory of the gas- liquid transitional. The lat- 
ter imperfect analogy is shared by the random first order 
transition (RFOT) theory[2 H |1 |i| which has its roots 
in an analogy to spin glasses with discontinuous replica 
symmetry breakingQ at the mean field level. Although 
Langer seems to take issue with other theories based on 
random first order transitions, the key equation in both 
his approach and the RFOT theory relates the activation 
process to a free energy profile as a function of the size of 
the reconfigured region. In both approaches the profile 
takes the same form. 



F{N) = -a{T)N + b{T)N^/^ 



(1) 



At this level, the two approaches only differ in how 
the coefficients a and b are found. In the RFOT the- 
ory, above the glass transition, a(T) directly reflects 
the entropy driven nature of the activated transitions 
aRFOriT) = TSc{T), while b{T) is given by a density 
functional calculation that reflects the entropy cost of im- 
mobilizing a particle. Near the glass transition the b{T) 
given by the RFOT density functional calculation has 

the expHcit value bRForiTK) = ^^^ksTK log where 
~ 100 is the inverse square of the Lindemann ra- 
tio of the vibrational amplitude to the particle diameter 
and Tk is the Kauzmann temperature where the con- 
figurational entropy is extrapolated to vanish. Though 
obviously simplified, the density functional calculations 
suggest that bupoT /Tk is a nearly universal quantity. In 
Langer 's excitation chain (EC) argument a[T) depends 



on the shape entropy of a string-like excitation and an 
energy scale, but it is finally given by the expression 
o-EciT) = ksvir — Tq). The coefficient v is geometrical, 
representing the number of ways a link on the chain can 
be placed. In the excitation chain approach a(T) turns 
out to be proportional to the configurational entropy 
term TSc{T), but is not equal to it. a{T) also does vanish 
at the temperature To = Tk- Although no explicit micro- 
scopic calculation of b{T) was provided, in the excitation 
chain argument this energy is accounted for by introduc- 
ing an additional material dependent parameter of order 
unity, 7o, which Langer describes as an "inverse localiza- 
tion length associated with the fact that the excitation 
chains exist in the highly disordered environment charac- 
teristic of a molecular glass." Explicitly, the EC approach 
writes bEciT) = A{-K/%f'\kBT,^tY'\lokBT^/Tf'^. 

Just as the physical mechanisms leading to the linear 
N term are different in the two approaches, the origin 
of the 7V^/^ terms seems different in the two. In the 
RFOT theory the N'^/'^ scaling is due to a wetting effect 
much like what happens in a random field magnet 0- 
In the EC approach the term is said to come from the 
self-interaction of excitation chains treated via a FloryQ 
entropy argument. 

Near Tg, both the RFOT theory and Langer's analysis 
lead to the Vogel-Fulcher law for the activation free en- 
ergy AF* = DTk/{T-Tk). In addition, the RFOT cal- 
culation, because it contains no adjustable parameters, 
quantitatively predicts a relation between the coefficient 
in that law and the heat capacity change at the glass 
transition, to be precise D = 32A:b/ACp. The predicted 
relation for the activation enthalpy at Tg, m, agrees very 
well with experimental data for numerous substances[2|. 
The average slope of the data differs from the predicted 
one by only 10% with an fit of 0.92. The excitation 
chain formula can also be reconciled with this experi- 
mental finding if we are allowed to take the product of 
two parameters in the EC argument, 70 and sq, which 
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according to Langer is the configurational entropy of an 
unfrozen molecule multiplied by a domain wall thickness 
in molecular units, to be universal, i.e. 7oSo — constant. 

Since the key equation of the EC argument has the 
same N dependence as does RFOT theory above the glass 
transition, a practical distinction between the two ver- 
sions of the scaling form can only be made on the basis 
of the coefficients in the expression Ultimately these 
coefficients determine, not only the barrier, but also the 
size of the rearranging regions. Reconciling size and time 
scale, is, however, a key difficulty with any theory based 
on strings treated as unrenormalized elementary exci- 
tations, as pointed out by Lubchenko and Wolvnes[inj|. 
They have argued that it is difficult for an elementary de- 
fect based theory to achieve very slow relaxations while 
still being consistent with the measured entropy density 
at the glass transition which is about O.S/cs per particle. 

This difficulty is confirmed when we contrast the quan- 
titative comparison of the specific EC approach taken by 
Langer and the RFOT theory with experimental data. 
The RFOT theory predicts (again without using ad- 
justable parameters) that the correlation length at Tg, 
^, is a nearly universal quantity when measured in the 
size of the elementary movable units of the liquid (called 
"beads"). In these units (^/a)_RFOT was predicted by Xia 
and WolynesQ to be 4.5, a quantity independent of the 
fragility of the liquid. 

The correlation length at Tg found from the EC calcu- 
lation was given by Langer as 



10r 



EC 



7r7o 



(2) 



Xg is the dimensionless activation free energy correspond- 
ing to the glass relaxation time, Xg « 32. This expres- 
sion thus depends on 70 alone, not the product 70S0. In 
principle, therefore, strictly speaking, no universal form 
for ^ should be predicted by the excitation chain argu- 
ment. Nevertheless, again, if we follow Langer and also 
assume that 70 is a universal number of order unity we 
would find ^EC = 30/7o, a quantity that as Langer states 
doesn't explicitly depend on fragility. 

There are a few fairly direct measurements of ^ 
using nonlinear NMR|hI deviations from the 

Stokes- Einstein relation[l3), and single molecule imag- 
ing approaches 14). These give values consistent with 
the RFOT prediction. Because the size of rearranging 
regions determines the range of relaxation times, the size 
is also indirectly related to the stretching exponent in 
the stretched exponential form of the relaxation func- 
tion. Here again RFOT theory mak es p redictions that 
quantitatively agree with experiment |l5l| . On this issue, 
a related, more elegant analysis of the correlation lengths 
by Berthier et al.[la| is cited by Langer. Berthier et 
al. show the dynamic correlation length defined in the 4 
point function is bounded by a dynamic/ energetic cor- 
relation length which can be inferred from the relaxation 
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FIG. 1: Dynamical correlation lengths determined 
from the Berthier et al. relation 16] S,{Tg)/a = 

P^m'^kB/ACp'^ The values of ACp were found 

using the relation m = 20.7 ACp /ks , where ACp is given per 
independently rearranging molecular unit, or "bead."|^ All 
data were taken from Bohmer et al.[2| 



function, (f)(t) and the temperature dependence of the 
relaxation time. 

This dynamic/energetic correlation length itself should 
correspond with the ^ provided by RFOT theory or 
by the EC theory in that it deals with the thermody- 
namic/kinetic correlation that enters those analyses. The 
values of ^ already provided in the Berthier paper [l^ 
cluster tightly around the RFOT prediction. They are, 
however, considerably smaller than the value predicted 
by the EC calculation using the natural input value 
7o = 1. We have carried out the same analysis as Berthier 
et al. for 60 substances using other pubhshed datafl^. 
These results are shown in figure^ plotted against liquid 
fragility. Again, the ^ values cluster around the RFOT 
prediction and show rough universality independent of 
fragility. The mean of ^ is 4.47 with a standard deviation 
±0.25. The results show very limited scatter, questioning 
the need for the additional adjustable parameters pro- 
vided by the EC approach. In addition, as we have seen, 
the naive estimate of 70 provided by Langer (70 = 1), 
gives much larger correlation lengths than those inferred 
from experiment in this way, or from the direct measure- 
ments cited earlier. To fit both experimental correlations 
simultaneously, the free parameters in the EC theory, 70 
and So, would both have to be adjusted so that the shared 
free energy profile (equation^ would essentially coincide 
with the RFOT prediction. The value of 70 needed would 
then be 6. This corresponds to a length associated with 
the disorder of 1/6 for the string. It is hard to see how 
to reconcile this fractional value with Langer's physical 
picture of a chain of molecules in a disordered medium. 
The elementary excitation chain argument as provided 
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by Langer, unlike the earlier RFOT theory, seems incon- 
sistent with experiment concerning the crucial question 
of the size of the cooperative regions. 

Our criticism of the excitation chain approach is aimed 
only at the specific excitation chain theory put for- 
ward in reference 0, not at all string based arguments, 
which have their place in glass physics. We have argued 
elsewhere that near the so-called crossover temperature 
where deviations from the Vogel-Fulcher law occur, coop- 
eratively rearranging regions, in fact, do become fractal 
and could be rather roughly approximated as strings [l^ 
as seen in computer simulations J 9j. Indeed that string 
theoretic calculation predicts an unexpected correlation 
between the crossover temperature signaling a deviation 
from Vogel-Fulcher behavior and fragility which is rea- 
sonably well confirmed experimentally!^. A key feature 
of the RFOT based argument is that the cooperatively 
rearranging regions are predicted to be most string-like 
near the crossover and to become more compact at lower 
temperature. Langer, contrarily, suggests that his argu- 
ment implies the strings are shortest near the crossover 
and merely lengthen at low temperature, rather than 
changing shape. This distinction concerning the shapes 
of cooperatively rearranging regions may allow experi- 
mental distinctions to be made using sufficiently refined 
imaging techniques in the laboratory. We also note that 
string-like dislocations have long featured in some struc- 
tural theories of glasses |2oj. Nussinov has shown that 
such models are not inconsistent with an RFOT theory 
treatment [2lj|. At the defect densities needed for real liq- 
uids these elementary dislocations would, of necessity, be 
highly renormalized, however. 

We thank L. Berthier and G. Biroli for helpful, clarify- 
ing correspondence concerning reference ,16j. This work 
was supported by NSF Grant CHE0317017. 
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